1. In reservoirs of the south-central United States, the exotic cladoceran Daphnia lumholtzi is common during warm midsummer conditions, when cyanobacteria are abundant and native Daphnia are rare. In the current study, we employed surveys, field experiments, and a life table experiment to investigate the role of food quality in explaining the distribution and phenology of D. lumholtzi, relative to two native species (Daphnia parvula and Daphnia mendotae). 2. During May-September 2000 in eutrophic McDaniel Lake, Missouri U.S.A., cyanobacteria (primarily Oscillatoria) first appeared at 6-m depth and then became abundant throughout the epilimnion. 3. During the May field experiment, D. lumholtzi, D. parvula and D. mendotae all consumed a similar diet of algae, showing positive selection for small greens (chlorophytes and cryptophytes <20 lm). During the July experiment, when the epilimnion exceeded 25°C and cyanobacteria were common in the lake, D. lumholtzi consumed significantly more total algae and more cyanobacteria than the two native species. Although the Daphnia selected against cyanobacteria, all three species consumed about 25% of this food in their diet. 4. A life table experiment compared the responses of D. lumholtzi and D. parvula with variation in density of high-quality food (Ankistrodesmus) and concentration of a toxic strain of cyanobacteria (Anabaena flos-aquae). Both Daphnia species showed reduced survivorship, fertility and intrinsic rates of increase in response to elevated concentrations of cyanobacteria, particularly at the higher food level. 5. The results suggest that D. lumholtzi shows similar inhibition from cyanobacteria as does the native Daphnia. However, their continued high in situ feeding rates imply that D. lumholtzi is less affected by midsummer conditions in warm-water reservoirs than are native Daphnia.
Introduction
Thousands of exotic species have been introduced to aquatic habitats (Cohen & Carlton, 1998) , and considerable attention has been directed to the properties of successful invaders and to the susceptibility of habitats to invasion (invasibility) (Williamson, 1996) . Recent studies of the freshwater crustacean zooplankton have revealed a variety of successful invaders (Havel & Hebert, 1993; Reid & Pinto-Coelho, 1994; Lee, 1999; Ricciardi & MacIsaac, 2000) . A native to tropical and subtropical regions of the Old World (Benzie, 1988) , Daphnia lumholtzi Sars recently invaded North America (Sorensen & Sterner, 1992) and has rapidly invaded a wide variety of habitats, including reservoirs, flood-plain lakes, large rivers and one of the Great Lakes (Havel, Mabee, & Jones, 1995; Stoeckel et al., 1996; Muzinic, 2000) . In warm-water reservoirs, D. lumholtzi population is maximum during the midsummer (Havel et al., 1995; Work, 1997) , a period when most native Daphnia decline (Threlkeld, 1986;  J.E. Havel & E.M. Eisenbacher, unpublished data) . As Daphnia are capable of grazing a broader range of food resources than other zooplankton (Stockner & Porter, 1988) , the midsummer decline of Daphnia in warmwater reservoirs provides a vacant niche. Daphnia lumholtzi may be able to fill this niche by being more tolerant of midsummer conditions. One characteristic of midsummer is water temperature in excess of the tolerance limits of most Daphnia species (Moore, Folt & Stemberger, 1996) . Daphnia lumholtzi is unusual in maintaining its highest densities during warm periods (Havens et al., 2000) and, in experiments, high population growth rates up to 30°C (Work, 1997; Lennon, Smith & Williams, 2001) . Another characteristic of warm-water reservoirs in midsummer is the abundance of cyanobacteria (Threlkeld, 1986) . In tropical lakes, such as those where D. lumholtzi is native, cyanobacteria are abundant during much of the year (Horne & Goldman, 1994; van den Hoek, Mann & Jahns, 1995) .
Many cladocerans do not grow very well with cyanobacteria and usually do not eat these algae unless their regular food source is depleted (Porter & Orcutt, 1980; Lampert, 1987; DeMott, 1998) . A variety of cyanobacteria have toxins (van den Hoek et al., 1995) and are known to inhibit herbivorous zooplankton (Porter & Orcutt, 1980; Gilbert, 1996; Ferrão-Filho, Azevedo & DeMott, 2000) . Field observations show that cladoceran species are sensitive to cyanobacteria and their sensitivity seems greatest at elevated temperatures (Moore et al., 1996) . Confirming this pattern, laboratory experiments have shown the cyanobacterium Anabaena to suppress filtration rates, survivorship and reproduction of Daphnia (Porter & Orcutt, 1980; Claska & Gilbert, 1998) . Cyanobacteria that form large colonies and filaments may also clog the filtration apparatus of Daphnia (Porter & Orcutt, 1980; Gliwicz & Lampert, 1990) . The observed midsummer dominance of D. lumholtzi suggests that this exotic species should show less suppression by cyanobacteria than do native Daphnia.
The objective of the current study was to compare the relative impact of cyanobacteria on native Daphnia and exotic D. lumholtzi. Field surveys determined the succession of phytoplankton in a Missouri reservoir. We conducted two field experiments, during periods of good and poor food quality, to compare the diets of caged Daphnia with the algae available in their environment. We hypothesised that D. lumholtzi would consume more cyanobacteria, both as a proportion and in total quantity, than two native Daphnia species. We also conducted a life table experiment in the laboratory, to determine the effects of a toxic cyanobacterium (Anabaena) on native and exotic Daphnia species. We hypothesised that, in the presence of cyanobacteria, D. lumholtzi would show higher survival, fertility and population growth rate than the native D. parvula.
Methods

Study site
Surveys and field experiments were conducted in McDaniel Lake, a drinking water reservoir near Springfield, Missouri, U. total phosphorus, 25 lg L )1 chlorophyll-a). During summer, McDaniel Lake typically develops high biogenic turbidity, an anoxic hypolimnion, and, as a water source, this lake has a history of taste and odour problems (Youngsteadt & Gumucio, 1994; Johnson & Havel, 2001) . Cyanobacteria filaments are typically at their highest densities in July and August, with low densities in the spring (Youngsteadt & Gumucio, 1994) . Once a month during May-September 2000, we measured several features of the lake in order to characterise the environment for field experiments (described below). We measured vertical profiles of temperature and dissolved oxygen using a YSI model 57 meter (YSI Incorporated, Yellow Springs, OH, USA), transparency with a Secchi disc, and algal biomass as chlorophyll-a. During this period, McDaniel Lake was already stratified by May with a surface temperature of 25°C, thermocline at 3 m and a bottom temperature of 14°C. The lake remained stratified all summer and had the warmest surface temperature (29°C) in August. During May and June, oxygen was depleted (<1 ppm) at 6 m and at 3 m in late July. Transparency was low throughout the study period, with Secchi depths never exceeding 1 m. Algal biomass showed seasonal variation, with a minimum in May (10.8 lg L )1 chlorophyll-a) and a maximum in July (25.9 lg L )1 ) (K.R. Pattinson, unpublished data).
Plankton surveys
Once a month during May-September 2000, we collected samples of phytoplankton during mid-day near the dam, at every metre from the surface to 6 m depth. Algal samples were collected using a Kemmerer bottle (Wildlife Supply Company, Saginaw, MI, USA) and a 100-mL portion was preserved with Lugol's Iodine (Edmondson, 1959) . In the lab, each sample was mixed and a single subsample was placed in a 10-mL Utermöhl chamber, settled for 24 h, and examined at 250-400·, using an inverted microscope. Algae were identified to genera using Prescott (1978) , counted and later pooled into the following four groups: small greens (chlorophytes and cryptophytes, <20 lm in diameter), diatoms, cyanobacteria and other taxa (spiny and gelatinous chlorophytes, chrysophytes and dinoflagellates). The discrimination between the two groups of chlorophytes is based upon previous work, which showed differences in their ingestion and assimilation by zooplankton (DeMott, 1989 ), comprising 32% (by number) of the crustacean zooplankton. The other cladocerans (primarily Diaphanosoma) were present throughout the summer, with their greatest density in August.
Field experiments
In order to investigate diets of native and exotic Daphnia, two field experiments were conducted in McDaniel Lake during mid-day on 19 May and 21 July 2000. These dates were chosen to represent periods of good and poor food quality, respectively, based upon previous study of cyanobacteria in this lake (Youngsteadt & Gumucio, 1994) . Each experiment took place at one deep-water site, near the centre of the channel c. 100 m up reservoir from the dam.
The field experiments compared D. lumholtzi with two native species, Daphnia parvula Fordyce and Daphnia mendotae Birge (Hebert, 1995) . These native species were common in McDaniel Lake during previous years studied . Daphnia lumholtzi was previously observed in low numbers during 1997, shortly after its introduction through a water pipeline (Johnson & Havel, 2001) . One isofemale line (clone) of each Daphnia species was used in all experiments, and was previously cultured in the laboratory. The D. lumholtzi clone was isolated in 1991 from Stockton Lake, Missouri (37°39¢N, 93°46¢W). The clones of D. parvula and D. mendotae were isolated in 1997 from Stockton Lake. The culture medium was 53 lm filtered lake water, collected from the nearby Fellows Lake, Missouri (37°18¢N, 93°13¢W), which is less productive and has fewer taste and odour problems than McDaniel Lake. The cultures were fed three times a week with Ankistrodesmus falcatus (Chlorophyta) (University of Texas Culture Collection, Austin, TX, U.S.A., #749) and transferred weekly into new media.
For the experiments, adult Daphnia were housed in four enclosures, representing experimental blocks in a two-way A N O V A A N O V A design. Each enclosure was a 1.6-L plexiglass cylinder, with 203 lm plankton mesh on each end (O'Brien & Kettle, 1981; Johnson & Havel, 2001 ). This mesh size allowed filamentous and other colonial algae into these enclosures and still kept the Daphnia inside. Prior to each experiment, the Daphnia were placed in glass-fibre-filtered (Whatman) lake water at a density of 10 L )1 and starved for 3 days.
This process cleared their guts of any identifiable algae (K.R. Pattinson, unpublished data). Each enclosure held 10 individuals of each Daphnia species for a total of 30 individuals. Because of high water exchange rates (Johnson & Havel, 2001) , the animals were likely exposed to ambient algal densities in the lake. The enclosures were placed at 2 m depth, where field measurements indicated high oxygen concentration (Johnson & Havel, 2001) . The enclosures were placed in a cage, suspended in the lake from a buoy anchored to a cinderblock, and left out in the field for 2 h to allow sufficient time for Daphnia to fill Algal diet and Daphnia life history 235 their guts. In a preliminary laboratory experiment, yeast-fed Daphnia placed in lake water with algae filled their guts within 1 h (K.R. Pattinson, unpublished data). After the 2-h field incubation, the Daphnia were then isolated, rinsed with tap water to remove any loose algae from their carapace, anaesthetised with cold carbonated water and preserved in Lugol's Iodine (Edmondson, 1959) .
Gut contents of retrieved Daphnia were determined by placing each individual on a glass slide, dissecting out the gut, which was placed on a clean slide and crushed under a cover slip. All identifiable algae were classified to genus under a compound microscope at 400-1000·, counted, and proportions within each Daphnia calculated. As some digested algae could not be identified, total cells and certain groups (e.g. naked greens) are likely underestimated. We assume that this bias is similar among the three Daphnia species.
As a descriptive measure of niche overlap, we calculated the Renkonen index using the equation from Krebs (1989) :
where P jk is percentage overlap between species j and species k, p ij , p ik are proportions of resource i used by species j and species k, and n is the total number of resource states. Here resource is defined as an algal genus (Appendix 1). To determine what food type was preferred for each Daphnia on each date, algae composition in the gut contents was compared with algae present in the lake at 2 m depth. Because of the low numbers of individual genera detected (Appendix 1), we analysed data using the four pooled groups (described above). To quantify preference, Manly's alpha index was calculated using the formula in Krebs (1989) :
where a i is Manly's alpha index for algal prey type i, r i and n i are the proportions of algal prey type i in the diet and environment, respectively, and r j and n j are similar proportions for each of the algal prey types, summed over all m prey types. Since Sa i 's ¼ 1.0, when a i ¼ 1 ⁄ m, there is no preference for prey type i. When a i is greater (or less) than 1 ⁄ m, then prey type i is preferred (or avoided) in the diet. In the May experiment, 1 ⁄ m ¼ 0.33 (when cyanobacteria were absent at 2 m) and in the July experiment 1 ⁄ m ¼ 0.25. To determine if a Daphnia species was selecting for or against a particular prey type, we calculated 95% confidence intervals for a i and checked for overlap with the expected value (1 ⁄ m).
All inferential statistics employed Minitab version 11.21. Prior to doing parametric statistics, A N O V A A N O V A assumptions of normality and homogenous variance were checked (Sokal & Rohlf, 1995) . When necessary, data were transformed, which corrected all but the alpha indices. To determine if all three Daphnia species had the same amount of total algae and the same percentage of cyanobacteria present in the gut, separate randomised block A N O V A A N O V A s were performed for each of these response variables in each experiment. To determine if the alpha indices were the same among the three Daphnia species, separate Friedman tests were performed for each algal group in each experiment.
Life table experiment
The life table experiment compared the response of D. parvula and D. lumholtzi to three concentrations of cyanobacteria (0, 10 4 and 10 5 filaments mL )1 Anabaena flos-aquae) crossed with two levels of the edible-green algae (10 3 and 10 5 cells mL )1 A. falcatus). The Anabaena was a toxin-producing strain (University of Texas Culture Collection, Austin, TX, U.S.A., #LB2383). Daphnia and A. falcatus were cultured by the same procedures as described earlier for the field experiments; A. flos-aquae was cultured using soil extract medium (James, 1978) . For experimental media, we used 53-lm filtered McDaniel Lake water. Because this filter size allowed passage of microplankton, the animals in the life table likely had food levels higher than the densities manipulated in our treatments. For each treatment, newborn Daphnia (0-24-h old) were placed individually into 15 replicate 60-mL tissue culture flasks. Their mothers and grandmothers grew under standard culture conditions, without cyanobacteria present, and the third generation was then placed in the experimental conditions. The life table measured daily survival and fertility during the course of the 39-day experiment (July-September, 1997), after which the last animal died. Once a day, each flask was checked, food added and offspring were counted and discarded. As about half of the algae (Ankistrodesmus) settle out per day (J.E. Havel, personal observation), the food levels in the flasks were slightly lower than the above target concentrations. Water was exchanged every other day. The life table experiment was conducted at room temperature (27.7 ± 0.29°C, range 24.5-31.0°C), under cool-white fluorescent lighting at 1800 lux and a 24 : 0 light ⁄ dark cycle.
After the life table, the following life history characteristics were determined for each age (x): age-specific survivorship (l x ), life expectancy at birth (e 0 ), age-specific fertility (m x ), age at first reproduction, total fertility and intrinsic rate of population growth (r), computed by the Euler equation (Krebs, 1989) :
For age at first reproduction, a three-way Analysis of Variance was used to examine the effects of food level, Anabaena and Daphnia species. Total fertility data included those individuals that failed to reproduce. These data failed the homogeneity of variance assumption, so the fertility data were log transformed, after which the data met the assumptions for two-way Analysis of Variance. To compare the two species for age at first reproduction and total fertility, both raw and transformed data failed normality assumptions, so Mann-Whitney U-tests were used. Survivorship was compared graphically and by estimating the confidence intervals for life expectancy (Krebs, 1989) . Mean and standard errors of intrinsic rate of population growth (r) were estimated by bootstrapping 1000 samples with R m version (Taberner et al., 1993) , and significant differences between groups were assessed by non-overlapping 95% confidence intervals.
Results
Plankton surveys
Total algal density in McDaniel Lake increased throughout the summer of 2000, with a peak of 2.0 · 10 4 cells mL )1 in August and September (Fig. 1 ).
Cyanobacteria were generally rare in May, comprising only about 1% of the total phytoplankton. In June, cyanobacteria increased, with a population maximum (Oscillatoria) at 6 m depth. By August, cyanobacteria reached their maximum density, making up 80% of the algae assemblage ( Fig. 1) and were dominant at all depths. Oscillatoria remained abundant in July and August, when Anabaena also became abundant. Aphanizomenon was the dominant cyanobacteria in September. Small greens remained in moderate densities (>2 · 10 3 cells mL
) all summer (Fig. 1) . The most common small greens were the chlorophytes Chlamydomonas and Scenedesmus. Diatoms were present throughout the summer, with Synedra being most common. Other algae, consisting of Chroomonas (Chromophyta), Ceratium (Dynophyta), and Sphaerocysitis (Chlorophyta), were generally in low abundance all summer (Fig. 1) .
Field experiments
Of the 240 Daphnia incubated during the May and July field experiments, we recovered and dissected 189 individuals (D. lumholtzi -76% recovered, D. parvula and D. mendotae -80%). Of these, 95% had identifiable algae in their guts, with up to 88 cells detected in a single Daphnia. A total of 47 different genera were identified from gut samples (Appendix 1), representing 57% of the algae genera identified in field samples from this period.
All three Daphnia species had broad diets. In both May and July, the three Daphnia species ingested a wide variety of diatoms and small greens (Appendix 1). In July, when cyanobacteria were common in the lake, all three species also ingested cyanobacteria, with seven different genera detected in their gut contents (Appendix 1). The Renkonen index is a Algal diet and Daphnia life history 237 descriptive measure of the percentage niche overlap between two species. Our comparison of the generic composition of algae in the three Daphnia species indicates a high overlap in diet (69-82%, Table 1 ). Figure 2 shows diets of each of the Daphnia species, after pooling the algae into four groups. In May, D. mendotae and D. lumholtzi appeared to consume more total algae than D. parvula, although the difference was not quite significant (F ¼ 3.72, P ¼ 0.089). All three species consumed primarily small greens, and D. lumholtzi and D. mendotae also consumed small amounts of cyanobacteria (Fig. 2) . Although not detected at 2 m depth, cyanobacteria were present in low abundance at other depths, so presumably this taxon mixed into the chambers from circulation of deeper water. In July, D. lumholtzi consumed significantly more total algae than the other two Daphnia species (F ¼ 22.19, P ¼ 0.002). During this period, all three Daphnia species consumed a sizeable quantity of cyanobacteria (Fig. 2) , making up c. 25% of the Daphnia diets (Table 2) . Although we detected no significant difference among the three Daphnia species (F ¼ 2.03, P ¼ 0.212), the presence of a block effect (F ¼ 9.46, P ¼ 0.011) indicates differences among the four cylinders, suggesting small-scale spatial patchiness in cyanobacteria abundance during this experiment. Because D. lumholtzi consumed more total algae, the total quantity of cyanobacteria they ingested was also greater than that for the native Daphnia (F ¼ 9.60, P ¼ 0.006). Diet selectivity is illustrated by Manly's alpha index, which incorporates the relative abundance of algae from both diet and the field (Fig. 3 ). An overlap of the 95% confidence interval with neutral selectivity (dashed line) would indicate no significant selectivity for that particular group. In May, all three Daphnia species showed significant positive selectivity for the small greens (Fig. 3) . Daphnia parvula and D. mendotae selected against diatoms and also against the other algal groups (dinoflagellates, chrysophytes, gelatinous and spiny greens), while D. lumholtzi selected only against these other algal groups. Comparisons of Manly's alpha among the three Daphnia species indicated no significant difference for small greens, but a small difference for diatoms (Friedman test, P ¼ 0.368 and 0.039, respectively). Although small amounts of cyanobacteria were consumed by the Daphnia, Manly's alpha values for cyanobacteria could not be calculated for the May experiment as no cyanobacteria were detected in the lake at 2 m depth (where the incubation occurred). In July, both D. lumholtzi and D. parvula showed significant discrimination against cyanobacteria, whereas D. mendotae showed no significant discrimination (Fig. 3) . All three Daphnia species showed no significant discrimination for diatoms, small greens and other algae groups. No significant differences in alpha values were detected among the three Daphnia species for any of these algae categories in the July experiment. In sum, the field experiments revealed substantial diet overlap among the three Daphnia species, but significant differences in quantity of total algae and cyanobacteria consumed.
Life table experiment
This experiment compared life history characteristics of D. lumholtzi and D. parvula in response to variation in food level (density of the edible chlorophyte Ankistrodesmus) and concentration of cyanobacteria filaments (Anabaena). Anabaena appeared to affect survivorship of both D. parvula and D. lumholtzi (Fig. 4) . Most Daphnia treated with the high level of Anabaena died in about a week, whereas those with no Anabaena lived for up to 5 weeks. Life expectancy at birth for D. lumholtzi ranged from <5 days (high food with Anabaena) to almost 21 days (low food control) (Table 3 ). This feature was also generally lower for D. parvula (range 3-10 days), although overlapping confidence intervals suggests that species differences were not significant. Comparison of confidence intervals suggest some treatment effects were significant. Daphnia lumholtzi showed a graded response to Anabaena, with significant differences between the zero and high Anabaena treatments for both the high and low food levels ( Table 3 ). The response of D. parvula was less clear, although life expectancy appeared to be depressed by both low and high Anabaena treatments at the higher food level (Table 3) .
Age of first reproduction was not affected by Anabaena treatments (Tables 3 and 4) . However, food level had a significant treatment effect, as both Daphnia species reproduced significantly earlier at the lower food level than at the higher food level. Development time was clearly different between species, as D. parvula reproduced about a day earlier than D. lumholtzi under all treatment conditions, with most differences statistically discernible (Table 3) .
Total fertility of both Daphnia species showed a graded reduction in response to the Anabaena treatments (Table 3 ). The effect was particularly apparent at the higher food level, where fertility was reduced by about 90% in the Anabaena treatments. Although this pattern appeared for both Daphnia species, in D. parvula the food level effect was only marginally significant (Table 5 ). For D. parvula, an interaction effect was present between food levels and Anabaena treatments, indicating that the effect of Anabaena on total fertility depended on the food level. Total fertility of D. lumholtzi was considerably higher than for D. parvula, an effect discernible under most treatment conditions (Table 3) .
Estimates of intrinsic rates of growth (r) are shown in Table 3 Anabaena (average r ¼ 0.04 versus 0.35, respectively). This effect was not present at the low food level. Daphnia lumholtzi growing in the high level of Anabaena also showed a suppressed growth rate, but to a lesser degree (0.22 versus 0.42). Over all treatments, D. lumholtzi appeared to have a slightly higher intrinsic rate of growth than D. parvula. However, the overlapping confidence intervals suggest that these differences are not statistically discernible.
Discussion
Habitat features influence the risk of biological invasions. Often, invasible habitats have similar climates to the invading species' native range (Crawley, 1987) . The tropical origin of D. lumholtzi should preadapt this exotic species to midsummer conditions in temperate reservoirs. The idea is consistent with the observation that D. lumholtzi tends to be most abundant during midsummer (Havel et al., 1995; Work, 1997) , a period when native Daphnia typically decline (Threlkeld, 1986; J.E. Havel & E.M. Eisenbacher, unpublished data) . Prior studies have shown that physicochemical factors and food web structure may affect invasions of other species into freshwater systems (Crawley, 1987; Lodge, 1993) . In eutrophic reservoirs, abundant cyanobacteria may provide an important habitat feature which influences invasion success. In the current study, we investigated the invasion of warm-water reservoirs by D. lumholtzi and tested the general hypothesis that this exotic species has a greater tolerance of cyanobacteria than do native Daphnia. Our results do not entirely support this hypothesis. Evidence from the life table experiment suggests that, although the two species differed in their life history characteristics, both D. lumholtzi and native D. parvula were inhibited by exposure to Anabaena and the effect depended on concentration. Diet experiments in the field revealed that all three Daphnia species had similar diets, but D. lumholtzi maintained higher feeding rates under midsummer conditions. Zooplankton seasonal succession is well known to track phytoplankton abundance and composition. During midsummer, the concentration of edible algae is often limiting, leading to resource competition (reviewed in DeMott, 1989) . During this period, the quality of food can also decline, particularly in eutrophic lakes, where cyanobacteria have long been known to cause problems (Phillips, 1884) . Some cyanobacteria, particularly strains of Microcystis and Anabaena, are known to produce toxins (Lampert, 1987) . These toxins can inhibit feeding, growth and reproduction of cladocerans (Porter & Orcutt, 1980; Fulton & Paerl, 1987; Lampert, 1987; Ferrão-Filho et al., 2000) . These and numerous other cyanobacteria genera can also form filaments and colonies, which interfere with feeding, by clogging the filtering appendages and lowering ingestion and assimilation rates of the entire phytoplankton assemblage (Porter & Orcutt, 1980; DeMott, 1982; Lampert, 1987; Gliwicz & Lampert, 1990) . Although usually deficient by themselves, cyanobacteria may occasionally contribute additional nutrients, such as essential fatty acids, to zooplankton diets (Repka, 1997; DeMott, 1998 ).
In the current study, we predicted that D. lumholtzi would consume more cyanobacteria in its diet than the natives D. parvula and D. mendotae. In our field experiments, all three Daphnia species showed broad overlap in their diets and showed similar feeding preferences, with selectivities for small greens and against cyanobacteria. However, more total algae and more cyanobacteria cells were consumed by D. lumholtzi than by the native species during the late summer. This result suggests that ambient environmental conditions had less of an inhibitory effect on grazing by D. lumholtzi than by the two native Daphnia. The two most likely stressors are high temperatures and interference by toxic or filamentous algae.
During the summer, water temperature in many lakes exceeds the tolerance limits of most Daphnia species (Moore et al., 1996) . Daphnia lumholtzi is unusual in maintaining its highest densities during such warm periods (Havens et al., 2000) . Although this species experiences its lowest survivorship at warm temperatures (Work, 1997) , its rapid growth rate compensates to allow high population growth rates at temperatures up to 30°C (Lennon et al., 2001) .
Interference by cyanobacteria may also contribute to midsummer declines. During our July field experiment, the dominant cyanobacteria was Oscillatoria limnetica, with filaments up to 80 lm in length. This group has not been reported to be toxic, although a high concentration of filaments may interfere with feeding, particularly by the native Daphnia. Such interference has been reported previously for other Daphnia feeding on this species of Oscillatoria (Repka, 1997) . Nevertheless, all three Daphnia species in our July experiment had Oscillatoria present in their guts (Appendix 1).
Other diet studies using gut content analysis have revealed broad diets in Daphnia. Gliwicz (1969) examined live field-caught individuals from a wide variety of zooplankton taxa and found identifiable remains in only 10% of the Daphnia. Nevertheless, these remains included most of the major algae taxa (including colonies of cyanobacteria). Nadlin-Hurley & Duncan (1976) found Daphnia to be capable of ingesting long filamentous algae. Diet analyses of five cladoceran species, including D. lumholtzi, from a reservoir in Morocco revealed a large overlap in diet, with the Daphnia consuming a broader size range than the smaller genera (Diaphanosoma and Bosmina) (Tifnouti, Cherifi, & Chifaa, 1994) . G. -Toth, Zankai & Messner's (1987) comparison of D. galeata and D. cucullata with two herbivorous copepods in Lake Balaton, Hungary, found that the Daphnia had few algae cells per gut (two to six) and appeared to primarily consume detritus, whereas the copepods ate more algae (20 cells per gut). In the current study, we observed D. lumholtzi to consume greater numbers of cells (average 19.1 in May, 17.2 in July). Results of diet analyses by gut analysis must be viewed with caution. First, not all ingested cells can be identified, so those with heavy cell walls will likely be over-represented. Secondly, the appearance of cells in the gut contents says nothing about whether or not the food is assimilated. Other techniques, such as radiotracer studies (e.g. Lampert, 1981) , provide better methods for these rate measures. Nevertheless, the gut content method is useful for comparing diets of species collected (or incubated) at the same time in the same lake.
In our life table experiment, we predicted that D. lumholtzi would show less of a fitness reduction from a toxic strain of cyanobacteria (A. flos-aquae) than would the native D. parvula. This laboratory experiment, run with abundant edible algae and simulated warm summer conditions (28°C), partially supported our hypothesis. Cyanobacteria had a negative effect on both D. parvula and D. lumholtzi. Although the day of first reproduction was unaffected, both D. lumholtzi and D. parvula had lower total fertility and survivorship in the presence of cyanobacteria, particularly at the higher food level. Cyanobacteria caused a depression in the intrinsic rates of increase in both Daphnia species, being most pronounced in D. parvula at the high food level, where fitness was eightfold lower than in the control.
The mechanism by which Anabaena impacted these two Daphnia species is not known, but preliminary evidence suggests a toxic effect. Nutritional inadequacy (DeMott, 1998) seems unlikely, as both species received a mixed diet of natural seston, supplemented with green algae (Ankistrodesmus). Interference with Daphnia feeding by clogging the filtering limbs (Gliwicz & Lampert, 1990 ) also seems unlikely, as the Anabaena filaments in our experiment were generally short (median four cells per filament). Indirect effects, via cyanobacteria suppression of the green algae, also seem unimportant, as fresh food and media were added on a daily basis. Ingestion of the short Anabaena fragments may thus have had a direct toxic effect on the Daphnia. Other life table studies with Daphnia have detected responses to toxic Anabaena. In a study with D. magna responses to a toxin-producing strain of A. flos-aquae, Porter & Orcutt (1980) found reduced Daphnia survivorship, as well as reduced filtration, ingestion and individual growth rates. In a recent study of the interactive effects of toxic cyanobacteria and temperature on D. pulex, Claska & Gilbert (1998) showed that A. flos-aquae and A. affinis both caused reduced fecundity and A. affinis caused reduced survivorship of the Daphnia. Furthermore, sensitivity to the effects of the cyanobacteria increased as temperature increased, up to the maximum temperature tested (25°C).
Our life history parameters for D. lumholtzi can be compared with those from other recent studies of this species. Work (1997) used a life table approach to examine the effects of temperature (10, 18, 26°C) on D. lumholtzi and D. mendotae from Lake Texoma, Oklahoma, using natural lake seston (collected in late fall) as food. Average survival for both species was lowest at the highest temperature (D. lumholtzi -19 days; D. mendotae -13 days). Similarly, the life table experiment of Lennon et al. (2001) also found lower survivorship at warm temperatures (14 days at 25°C). In our experiment (28°C), the median survival time for D. lumholtzi grown without Anabaena had a similar value with high food (15 days), but was considerably higher (33 days) with low food (Fig. 4) . The higher survivorship in our study may have been because our food levels were supplemented with natural seston in the growth media, whereas Lennon et al. (2001) used axenic algae cultures for feeding both stock cultures and experimental animals. Our estimates of the intrinsic rates of increase (r) for D. lumholtzi grown in the absence of Anabaena were, on average, 0.34 and 0.42 day )1 in the low-food and highfood treatments, respectively (Table 3) , similar to the 0.36 day )1 reported by Lennon et al. (2001) for this species grown at 25°C. Field data have clearly shown that D. lumholtzi has greater success than native Daphnia during midsummer in reservoirs of the south-central United States. Whether this success is due to greater tolerance of warm temperatures or of cyanobacteria is not yet clear. Further experiments to examine the interactive effects between temperature and cyanobacteria in their effects upon D. lumholtzi and native Daphnia would provide insights into the dual role of temperature and productivity towards facilitating invasion of tropical species into temperate lakes.
The high densities of D. lumholtzi provide a potentially important new link in the food webs of reservoirs in the south-central United States. Because of their broad diet and high feeding rates, Daphnia have been called 'keystone herbivores' in lakes (Stockner & Porter, 1988) . Although other herbivorous zooplankton are common in warm-water lakes during the summer (Havens et al., 2000) , their narrower food requirements make them less effective than Daphnia in lake trophic structure (Stockner & Porter, 1988) . In a number of invaded reservoirs, D. lumholtzi comprises most of the crustacean zooplankton biomass during its population peak (J.E. Havel, personal observation). In the absence of native Daphnia, the addition of this exotic species may provide increased grazing rates on algae during midsummer and, at the same time, provide an abundant food resource for planktivorous fish. Indeed, larger juvenile bluegill sunfish (>50 mm) readily consumed D. lumholtzi and showed enhanced growth rates when fed with a zooplankton community which had been invaded, relative to food from a non-invaded community (Eisenbacher & J.E. Havel, unpublished data). Further Algal diet and Daphnia life history 243 research on trophic interactions should provide additional insights into the causes and consequences of species invasions.
